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Abstract 
 This project involved the design, construction and testing of a hybrid light bulb that 
incorporates the benefits of both halogen and fluorescent bulbs. An existing halogen was placed 
within the spiral of a compact fluorescent lamp (CFL) in order to provide light at cold 
temperatures as well as heating the CFL. A temperature controlled switch was then utilized to 
transition from the halogen to the CFL when temperatures exceeded a predetermined value. The 
result is a fluorescent bulb capable of operating in cold environments with increased efficiency 
and a reduced warm-up time of about a factor of three.  
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1. Introduction 
The purpose of the MQP is to design an efficient method of outdoor lighting for 
homeowners. Currently, halogen and incandescent lighting is the dominant form for 
consumers. This type of lighting, however, is inefficient compared to fluorescent and LED 
lighting. LED lighting is the most efficient form of lighting and performs well in nearly every 
environment. The drawback is that LED lighting costs considerably more than their 
incandescent equivalents. Compact fluorescent bulbs on the other hand, only cost about twice 
as much as an incandescent bulb. Studies done by Energy Star have found that by changing 
one incandescent bulb to a CFL, a consumer can save $30 in energy costs over the bulb’s 
lifetime easily paying for itself. Energy Star also claimed that if every home in America 
replaced one incandescent bulb with a CFL, it would save enough energy to light three 
million bulbs for a year.
1
 This could also save $600 million in energy costs and prevent the 
emission of greenhouse gases to the equivalent of 800,000 cars. All Energy Star certified 
CFLs use 75% less energy than their incandescent equivalents and typically last ten times 
longer. The main drawback to CFLs is their susceptibility to cold temperatures. Most CFL 
bulbs are rated to about 20 degrees Fahrenheit, which is not suitable for outdoor lighting in 
the winter months. Located below in Table 1 are the saving calculations from Energy Star’s 
CFL savings calculator.   
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 Table 1 - An Excerpt from Energy Star’s CFL Saving Calculator 
Summary of Benefits for 1 CFLs 
                       
Initial cost difference             $3       
Life cycle savings              $68       
Net life cycle savings (life cycle savings - additional cost)         $65       
Simple payback of additional cost (years)             0.3       
Life cycle energy saved (kWh)             450       
Life cycle air pollution reduction (lbs of CO2)             693       
Air pollution reduction equivalence (number of cars removed from the road for a year) 0.06       
Air pollution reduction equivalence (acres of forest)            0.07       
Savings as a percent of retail price             %1861       
                          
 
In July of 2008, Massachusetts passed a new set of Green Communities Acts that 
proposed that lighting in homes and commercial building become more efficient.
2
 Congress 
passed another act on December 18
th
, 2008 called the Lighting Efficiency Mandate.
3
 This 
act will phase out the use of standard incandescent bulbs by 2014 and require an 
improvement of 70% lighting efficiency in home by 2020. This will prevent home owners 
and commercial building from using incandescent bulbs outside and leaves them with no 
current replacement. This is a potential application for this project. 
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2. Background 
2.1. The Incandescent Light Bulb 
2.1.1. How an incandescent light bulb operates 
Incandescent bulbs are much simpler than fluorescent bulbs. Incandescent bulbs do 
not require a ballast to regulate the power driving the filaments. The main parts are a 
tungsten filament, a glass mount, and an Edison screw mount. When current flows 
through the filament, the tungsten atoms heat up and are boosted to a higher energy level. 
This extra energy is released in the form of infrared light. Once heated to levels of about 
4,000 degrees Fahrenheit, the bulb starts emitting visible and infrared light. The infrared 
light and heat are the waste products of this reaction and the reason why incandescent 
bulbs are inefficient compared to fluorescents. However, when tungsten is normally 
heated to such high temperatures, it would catch fire. The solution when incandescent 
bulbs were first invented was to enclose the filament in a vacuum. However, this 
promotes uneven burning of the filament and would evaporate the metal quickly. Today 
argon gas is used to keep evaporation and chance of fire in check, greatly increasing the 
life and light output of the bulb. Figure 2-1 shows a cutaway of a typical incandescent 
bulb.   
 Figure 2-1 - Cutaway of an Incandescent Light Bulb4 
2.1.2. Types of incandescent bulbs 
There are a few different types of incandescent bulbs. The most common is the 
regular incandescent bulb, which is explained in the previous section. Made popular by 
Thomas Edison in 1879, it is the most common form of lighting. Regular incandescent 
bulbs come in several different form factors including flood, decorative, and reflector 
types. All incandescent bulbs can be operated on a standard dimmer and can be dimmed 
to very low light levels. Since incandescent bulbs generate their own heat from the 
filament, they are not affected by varying ambient temperatures. This allows it to turn on 
instantly at a high brightness any weather condition. Due to the relatively simple design 
of the bulb they are very easy to manufacture and cost about $0.50 per bulb. A typical 
regular incandescent bulb is rated for 750 hours.   
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The other main type of incandescent bulb is the halogen bulb. The halogen bulb 
features the same construction as the regular type incandescent. Their difference is that 
halogen gas, such as bromine or iodine, is combined with the argon gas in the bulb. This 
allows for even burning of the filament and less evaporation. As a result, halogen bulbs 
can be heated to greater temperatures, which produce more visible light. This gives 
halogens better efficiency over regular incandescent bulbs. Another effect of the higher 
temperatures, is that the color of the light is slightly cooler than a regular incandescent. 
One disadvantage to higher operating temperatures is its sensitivity to dirt and oil on the 
bulb. Dirt and oil can heat the bulb up further and reduces the life of the bulb greatly. A 
solution is to add a glass enclosure around the bulb. Figure 2-2 is an example of an 
encased halogen bulb. 
 
Figure 2-2 - Photograph of a Encased 60W Halogen Bulb 
2.2. The Fluorescent Light Bulb 
2.2.1. How a fluorescent light bulb operates 
Fluorescent light bulbs are a type of gas discharge lamp that illuminates visible light 
when excited with electricity. All fluorescent bulbs consist of a glass tube, a phosphor, 
liquid mercury, an inert gas, a ballast, and at least two electrodes. The inert gas, typically 
argon, is encased in the glass tube under low pressure. The electrodes are tungsten coils 
found on either side of the tube and are used to excite electrons. Phosphor is coated on 
the inside of the tube and the type determines the color temperature of the light. When a 
high voltage is applied to the electrodes, electrons move from one electrode to the other. 
These electrons collide with the mercury gas in the tube increasing the energy level. The 
mercury atoms then expel this extra energy in the form of ultraviolet light. Since 
ultraviolet light is not visible to the human eye, it must be converted into visible light. 
The phosphor coating absorbs the ultraviolet waves, which heats up and excites the 
phosphor atoms. The extra energy is then expelled as visible light.
5
 
 
Figure 2-3 - Cutaway of a Fluorescent Tube6 
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The circuit that controls the voltages powering the electrode is called the ballast. 
A block diagram of a basic ballast is shown below in Figure 2-4. 
 
Figure 2-4 - Block Diagram of Basic Ballast Circuit 
The AC input is typically 120VRMS at 60Hz. The EMI or electromagnetic 
interference, filter is used to filter out the electromagnetic noise from the inductors in 
resonant output block. This prevents any noise from entering the in the AC line. Next, is 
the rectifier block, which is usually comprised of a diode bridge that converts the AC line 
voltage to DC. The power factor correction (PFC) is an optional block in the ballast. PFC 
balances the harmonic current, which in turn, maximizes the power entering the circuit. 
The half bridge is composed of two MOSFETs or two bipolar junction transistors of the 
same type. This acts as a high frequency switched-mode power supply to drive the 
electrodes. The output stage is a resonant RLC circuit used to preheat, ignite, and 
potentially, dim the lamp. A photograph of a compact fluorescent ballast is pictured in 
Figure 2-5.
7
 
 
Figure 2-5 - Photograph of a Ballast for a Non-Dimmable, Compact Fluorescent Light Bulb 
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 The resonant output circuit can be simplified into a RLC circuit shown in Figure 
2-6. When preheating, the lamp is not conducting and the circuit acts as a high Q, series 
LC circuit. This keeps the starting frequency high for a fixed time to preheat the 
electrodes. 
 
Figure 2-6 - A Simplified Model of the Resonant RLC Output Block8 
As the electrodes heat up, the resistance, Rlamp, starts conducting, making the circuit 
an L in series with a parallel RC. This gradually lowers the starting frequency until the 
lamp outputs 100% brightness. To dim the bulb, the frequency needs to be increased to 
reduce current through the lamp. 
2.2.2. Types of fluorescent bulbs 
There are two main families of fluorescent bulbs. The tube family was the first type 
of fluorescent bulb made and is the most common in commercial and industrial 
applications. This type requires an external ballast to drive the bulb. This bulb uses a bi-
pin mount to connect to the fixture. Tube type bulbs come in a variety different sizes and 
power ratings to suit many different applications.  
                                                     
8
 http://www.irf.com/technical-info/whitepaper/howtodesignadimmingfluorescentelectronicballast.pdf 
 Figure 2-7 - Photograph of T12, T8 and T5 sized Fluorescent Tubes9 
 The other family of fluorescent bulb is the compact fluorescent light bulb (CFL). 
This form factor is used most often in households. CFLs combine a folded tube with a 
ballast, creating an easy to install all-in-one package. Most CFLs use an E26 (26mm) 
Edison screw mount, which is found in most lamps sold in the USA. Compact 
fluorescents tend to be less efficient than an equivalent tube type bulb. This is due to the 
thickness of the phosphor coating being much more uneven in CFLs. This can be seen 
during warm up when the tube appears black in areas where the phosphor is thicker, 
which reduces overall luminosity output. The cost of a typical 60W spiral CFL is about 
$2.00 to $3.00. Dimmable CFLs are also starting to become more common, however they 
require more expensive components in the ballast to regulate power. As a result, most 
dimmable CFLs cost around $8.00. Figure 2-8 is a photograph of a common mini-spiral 
CFL. 
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 Figure 2-8 - Photograph of a 60W, Mini-Spiral, Non-Dimmable Compact Fluorescent Bulb 
2.3. Incandescent Vs. Fluorescent 
The main advantage of fluorescent light bulbs is that they are much more efficient 
than an equivalent incandescent bulb.
10
 On average, a household can save about $30 
dollars on their electric bill over the life of each bulb replaced. Table 2 compares the 
power usage of incandescent and fluorescent bulbs with the same light output. Energy 
savings can vary from 65.3% up to 80%. This is because fluorescents generate very little 
heat when operating and the phosphors allow efficient conversion from ultraviolet to 
visible light. Incandescent bulbs can emit large amounts of heat, which is all wasted 
energy. Incandescent bulbs also emit infrared light, which is invisible to the human eye.   
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Table 2 - Comparison of Power Usage of Incandescent Vs. Fluorescent Bulbs11 
 
Another advantage to fluorescent bulbs is long life. On average, CFLs sold today 
are rated for a bulb life of nine years or 10,000 hours of life. This compares very 
favorably to an incandescent bulb, which have an average life of about 750 hours.
12
 A 
cost analysis of changing an incandescent bulb in a household with a CFL was computed 
and tabulated in Table 3.  
Fluorescent bulbs also have several disadvantages when compared to an 
incandescent bulb. Incandescent bulbs perform instant-on operation in a much wider 
range of ambient temperatures. Fluorescent light bulbs must warm-up before reaching 
100% brightness. This can take three minutes or more depending on the ambient 
temperature. In addition, incandescent bulbs perform much better when dimmed. 
Incandescent bulbs can dim from 1-100% of their brightness level while dimmable 
fluorescent bulbs can on dim from 20-100%. Fluorescent bulbs are also not suited for 
frequent on/off operation. This wears out the phosphor coating and reduces the life of the 
bulb. Incandescent bulbs are not affected by this. The color temperature of incandescent 
bulbs is preferred by more people than CFLs. Most incandescent bulbs have a warm color 
temperature (about 3200K). Fluorescents typically have a color temperature of 5200K, 
which is equivalent to a sunny day. 
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Incandescent Light Bulb Minimum Light Output Energy Star Fluorescent 
Bulb 
Power Savings 
Watts Lumens Watts Percent (%) 
40 450 9-13 67.5 - 77.5 
60 800 13-15 75.0 - 78.3 
75 1,100 18-25 66.6 - 76.0 
100 1,600 23-30 70.0 - 77.0 
150 2,600 30-52 65.3 - 80.0 
Table 3 - Cost Analysis of Replacing an Incandescent Bulb with a CFL13 
 Standard Incandescent 
“Long-Life” 
Compact Fluorescent 
“Triple Twin” 
Energy Consumed (Watts) 75 20 
Rated Life (Hours) 1,500 12,000 
Cost Per Bulb $0.48 $8.39 
Life of bulb (Years) 1.0 8.2 
Energy per Year (kWh) 109.5 29.2 
Operating Cost  
(at $0.085/kWh) 
$9.3 $2.5 
Savings per Year NA $6.8 
Payback Time (Years) NA 1.2 
Total Life-Cycle Costs $80.34 $28.79 
Total Life-Cycle Savings - $51.52 
All data calculated assuming a use-rate of 4 hours per day, 7 days per week 
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2.4. Prior Art 
There are many different types of outdoor CFLs on the market today. GE currently 
has a product line of compact fluorescent light bulbs designed for outdoor use. Their 
outdoor line of CFLs typically constructed similarly to their indoor counterparts. They 
share the same tube design and ballast components. However, the ballast has been 
tweaked for better cold weather starting. This cold weather ballast has a more aggressive 
starting configuration which comes with a few drawbacks. During startup, the bulbs 
consume more energy than their indoor equivalents. In addition, bulb life is reduced by 
about 30%. A typical indoor bulb lasts about 9000 hours, while GE quotes their outdoor 
bulbs for around 6000 hours. To further help cold weather performance, all of their 
outdoor bulbs are enclosed in a glass diffuser to act as an insulator. Their outdoor bulbs 
costs considerably more than their indoor equivalents. Most of their outdoor bulbs are 
sold for around $7.00. The minimum starting temperatures is typically from 0 to 5 
degrees Fahrenheit. Figure 2-9 is an example of GE’s CFL outdoor lighting.   
 
Figure 2-9 - Photograph of a GE FLE11 Post light CFL Bulb14 
Panasonic has created a hybrid light bulb that includes a halogen in the middle of 
the CFL to reduce the warm-up time for the CFL and provide instant-on light. Both lamps 
turn on when the light switch is flipped until the CFL has reached 60% of its peak 
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brightness. Then the halogen then turns off. This allows the CFL to have a less aggressive 
starting cycle and increases the life of the bulb from 10,000 hours to 13,000 hours. This 
bulb started to be manufactured in July 2008 and is currently only sold in Japan. Figure 
2-10 shows a photograph of Panasonic’s hybrid lighting and the available light colors and 
enclosures. 
 
Figure 2-10 - Photograph of Panasonic’s PA-Look Hybrid CFL15 
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3. Project Definition 
The following are the chosen design parameters for the light bulb: 
 Fluorescent bulb must start in cold weather (less than 0˚ Fahrenheit) 
 Fluorescent warm-up time reduced to less than 3 minutes 
 Comparable operation to current bulbs 
 Installation of bulb must be no different than standard CFLs 
 Transition between halogen and fluorescent bulb must be transparent to the user 
 Bulb will be compatible with dimmer and normal switches 
 Size and weight of bulb should not be increased drastically 
This project was designed to have the bulb start in temperature colder than zero 
degrees Fahrenheit. This will correct the poor cold weather starting performance of CFLs. In 
addition to having a lower starting temperature, the warm-up time of the bulb should be 
shorter. This might involve some tweaking of the start-up and shutdown times of the CFL 
and halogen bulb to meet this requirement.  
Another objective is to have the bulb operation and installation identical to a standard 
incandescent bulb. If the device is too complicated, it is likely not to have a high adoption 
rate. The bulb should handle the transition from halogen to CFL and determine when the heat 
from the halogen bulb is necessary. The transition of the bulb from halogen to CFL should be 
transparent to the viewer. The bulb should also have a similar size and weight so it can be 
used in the same fixtures as incandescent bulbs.   
  
4. Project Evolution and Design Changes 
4.1. General Design of Light Bulb 
The major goal of the bulb is to provide energy efficient lighting in a wide range 
of temperatures. The cold starting performance of a CFL can be improved with a few 
different methods. One method is to encase the CFL within a glass globe.  This enclosure 
is commonly used in outdoor bulbs to keep the heat inside the fixture and act as an 
insulator resulting in a faster warm-up time. This enclosure also seals the bulb against 
moisture and dirt, which can reduce the life of the bulb. The third reason is to act as a 
diffuser for the light. This can change the application that the blub is used in including 
reflector type diffusers for floodlights and frosted glass to evenly distribute light and for 
decorative applications. Another method is to tune the ballast to have a more aggressive 
starting frequency and voltage. This however, can reduce the life of the bulb if turned on 
frequently. Also is started in hotter temperatures the bulb would be damaged. The design 
of the Smart Bulb involves a different approach to the problem.   
This design incorporates a mix of two existing bulb types and uses the positives of 
each type with none of the negatives typically associated with them. The idea is to use a 
halogen bulb to heat up the CFL tube and provide instant on light in cold applications. 
When the temperature that the CFL can be started in is reached, the CFL turns on and 
after a delay, the halogen shuts off. Figure 4-1 how the bulb works in cold temperatures. 
 
Figure 4-1 - Theory of Operation When the Smart Bulb is Cold 
This will provide the energy savings of a fluorescent bulb and the cold weather 
performance of an incandescent bulb. If the Smart Bulb is turned on while it is hot 
outside, the CFL will turn on, and the halogen will not be used. This hybrid lighting 
method uses the wasted heat energy of the halogen bulb to address the problem of poor 
cold starting of a CFL bulb. In addition, a less aggressive starting cycle for the CFL can 
be used, increasing the life of the bulb. Figure 4-2 shows the starting cycle of the bulbs in 
the Smart Bulb.  
 
 
 The construction of the Smart Bulb is simple and uses readily available and 
inexpensive parts. The parts consist of a spiral CFL bulb, a AC rated halogen bulb of 
equal lumens output to the CFL, a thermistor, and the control circuits. The halogen bulb 
in mounted in the center of the CFL spiral ensuring that the heat reaches all of the tube 
evenly. One drawback to this method is the shadows caused by the CFL partially 
blocking the halogen light. This can be corrected by adding a diffuser to soften the 
shadows. The thermistor is placed below the halogen bulb to measure temperature. This 
location shields it from direct heat and gives a better approximation of the ambient 
temperature around the tubes. The last part is the circuit to control the switching logic. To 
make design of the control circuit simpler, a DC voltage will power it. This requires a 
small AC to DC converter to drive the control circuit. Figure 4-3 is a block diagram of 
how the circuits will be connected and how they will switch the different bulbs. 
Check 
Temperature 
Light 
Switch 
 
If Cold 
CFL 
ON 
Halogen 
OFF 
Halogen 
ON 
Yes 
No 
Figure 4-2 - Basic Logic for Smart Bulb 
  
4.2. DC Power Supply 
The DC power supply block was designed to produce 25 millamps of current at 
5.1 Volts to power the control circuit block. This block would take a typical AC line at 
120VRMS and convert it to DC power. One design requirement set was to make the circuit 
as simple to make as possible. This was necessary for two reasons. One was to keep cost 
down while the other was to have the smallest footprint possible. The control circuit 
block can operate from 4.5 Volts to 20 Volts so a large ripple output voltage would be 
acceptable. The simplest way to make an AC to DC converter would be with passive 
components. Figure 4-4 is the circuit that was created to serve this requirement.  
 
DC Power 
Supply 
 
Control Circuit 
 
Halogen 
 
CFL 
AC+ 
AC+ AC+ 
AC- 
AC- 
AC- 
Thermistor 
Figure 4-3 - Basic Circuit Block Diagram of Smart Bulb 
 Figure 4-4 - Rev. A of DC Power Supply 
This design was initially completed with a qualitative approach. Capacitor C1 
determines how much current flows through the AC side of the power supply. The 
resistor, R1, is used to limit the surge current into the capacitor C1. If the capacitor was 
fully charged and the power switch was turned on at the negative peak of the AC sine 
wave, the surge current would cause the capacitor to fail. The bridge rectifier is a full-
wave type which inverts the negative part of the AC sine wave. The output of the AC side 
of the converter is a rectified sine wave at 60Hz with a continuous current determined by 
C1 and the max current determined by R1. Figure 4-5 shows the basic model that can be 
used to calculate the current on the AC side of the converter.  
 
Figure 4-5 - Basic Model Used for DC Power Supply 
Calculations in Time and Frequency Domains 
Analyzing in the frequency domain gives us the equations needed to find the 
capacitance needed for a given current. Below are the calculations in the frequency 
domain in the simplest case: 
 𝑉  = 120𝑉𝑅𝑀𝑆 = 170∠0° 
𝑍𝑐 =
1
𝑗𝜔𝑐
 
𝐼 = 𝑉
  
𝑍𝐶
 =  
170∠0°
1
𝑗𝜔𝑐 
= 𝑗𝜔𝑐*170∠0° 
𝑗 =  −1 = 90° 
𝐼 = 170 ∙ 𝜔𝑐∠90° ⟹ 170 ∙ 𝜔𝑐 cos(𝜔𝑡 + 90°) 
25𝑚𝐴 = 170 ∙ 2𝜋 ∙ 60 ∙ 𝐶1 ⟹ 𝐶1 = 0.39𝜇𝐹 
This gave a result of 0.39uF for the capacitor C1. The closest value that is readily 
available is 0.47uF and is close enough for the application. This model served as the basis 
for the first revision of the DC power supply. Next, the DC side was designed. A Zener 
diode D5 is used to set the output voltage by acting as a shunt regulator. In this 
application, a Zener diode of 5.1V was used with a model number of 1N5231. The values 
of C2 and R2 directly affect the ripple voltage of the output. The higher the capacitance, 
the less the ripple. The Rev. A version of the DC power supply was designed with 
National Instruments Multisim 10. The values were tweaked until an acceptable output 
was achieved. Figure 4-6 is the transient analysis of the voltage output of the DC power 
supply. 
 Figure 4-6 - Transient Analysis of Rev. A DC Power Supply (V3 [blue] voltage output) 
This circuit was prototyped and found to power the control circuit adequately. 
However, several improvements could be made to ensure 100% reliability of the circuit. 
This required a quantitative approach to the problem and removed some initial 
assumptions. First, the desired current output must be calculated. In this case, 30mA (IOut) 
was used to allow extra if the control circuit needed it. With this the current on the AC 
side can be calculated using the equations for C1 written previously.  
𝐼𝐴𝐶(𝑃𝑘) = 𝑉𝐴𝐶(𝑃𝑘) ∙ 𝜔 ∙ 𝐶1 
𝐼𝑂𝑢𝑡 ≅
𝐼𝑃𝑘 ∙ 2
𝜋
 
𝐼𝑃𝑘 = 𝐼𝑂𝑢𝑡 ∙
𝜋
2
=  30𝑚𝐴 ∙  
𝜋
2
 = 47.1𝑚𝐴 
 This shows that at least 47.1mA of current is required on the AC side of the 
converter. C1 was then calculated with a result of 735nF. A value of 1uF was substituted 
due to it being a common value. This capacitor would also be required to have a voltage 
rating of at least 250VDC. Next the resistance R1 was calculated to determine the surge 
current. The worst-case scenario would be if C1 was fully charged and the switch was 
turned on at the negative part of the AC sine wave. This results in a voltage of 340V. The 
following is the calculation of the surge current with a 100-ohm resistor for R1. 
𝐼𝑀𝑎𝑥 =
340𝑉
𝑅1
=
340𝑉
100Ω
= 3.4𝐴 
The resistor requires a rated power dissipation of at least 0.125 Watts. Next, the 
values of C2 and R2 must be calculated to determine the output ripple voltage. Figure 4-7 
is a schematic of the circuit used for analysis. 
 
Figure 4-7 - Circuit Used to Analyze R1 and C2 
This circuit can be modeled differently to find the ripple voltage output. The 
voltage VC2 can be modeled as a DC average voltage with a ripple voltage added to it. 
The Zener diode can be modeled as a DC voltage source at 5.1 Volts with a series Zener 
resistance. The Zener resistance for the 1N5231 is 17 ohms.  
 
Figure 4-8 - Model to Find Ripple Output Voltage 
With this new model, superposition can be used to split the DC and AC analysis. 
By first analyzing the AC the output and input ripple voltages can be calculated as a ratio 
in the following equation: 
𝑉𝑜𝑢𝑡 (𝑟𝑖𝑝𝑝𝑙𝑒 )
𝑉𝑖𝑛(𝑟𝑖𝑝𝑝𝑙𝑒 )
=
𝑅𝑍 ∥ 𝑅𝐿
𝑅2 + 𝑅𝑍 ∥ 𝑅𝐿
 
This equation is similar to many line regulation equations and shows that if R2 is 
increased then the line regulation is improved. However, if the resistance is increased, the 
power dissipated increases greatly. If the original value used for R2 was substituted in the 
equation the voltage ratio would be about 132.5mV/V with a power dissipation of 0.168 
Watts. To calculate the capacitor C2 the equation previously derived for C1 can be used.  
𝐶2 =
𝐼 ∙ ΔT
ΔV
=
47.8𝑚𝐴 ∙ 4.17𝑚𝑠𝑒𝑐
2𝑉
= 98.2035𝑢𝐹 
The result VRipple (Δ𝑉) multiplied by the ratio calculated with the AC model is the output 
ripple. In this case, the output ripple is 0.265VPk-Pk. The updated schematic for the Rev. B 
DC power supply can be seen in Figure 4-9. 
 
Figure 4-9 - Schematic of Rev. B DC Power Supply 
 Figure 4-10 - Prototype Board with DC Power Supply 
  
4.3. Control Circuit 
The control circuit is designed to switch the halogen and CFL bulbs on and off 
according to the ambient temperature detected by the thermistor. Again, the design 
requirement was to create a simple circuit to perform this task without becoming too 
expensive or large. The circuit consists of a few functional blocks, which can be seen left 
to right in Figure 4-11.  
 
Figure 4-11 - Rev. A Control Circuit Schematic 
The first block is the reference voltages. These reference voltages are set to the 
temperatures the CFL and the Halogen turn off. The voltages are based off the resistance 
of the thermistor, which are given in the datasheets. The higher the resistance of the 
thermistor, the colder the temperature. The temperatures used were 55˚F for the halogen 
to turn off and 50˚F for the CFL to turn on. These temperatures were selected because eit 
would guarantee that the CFL would start. Also, there is an overlap of 5˚F to ensure that 
Reference Voltages 
Comparator Block 
Optotriac Block 
the bulb does not cool down during its initial warm up. The resistances for these 
temperatures are 160kΩ and 200kΩ respectively. The reference voltages can be found 
using the voltage divider equations. 
𝑉𝐶𝐹𝐿 = 𝑉𝑠 ∙
𝑅3
𝑅3 + 𝑅4
= 5.1 ∙
100𝑘Ω
100𝑘Ω + 200𝑘Ω
= 1.7𝑉 
𝑉𝐻𝑎𝑙𝑜𝑔𝑒𝑛 = 𝑉𝑠 ∙
𝑅6
𝑅6 + 𝑅5
= 5.1 ∙
100𝑘Ω
100𝑘Ω + 160𝑘Ω
= 1.912𝑉 
These reference voltages are fed into the non-inverting inputs of separate 
comparators. A dual operational amplifier package was used to reduce size and cost. The 
LM358N is the most common and has an adequate response time for the application. The 
comparators turn on the LEDs inside the phototriacs. Phototriacs are necessary because 
they act as low power switch for the high powered, AC part of the circuit. The phototriacs 
bias the triac’s gate switching the AC signal for the bulbs. Figure 4-12 is the optiotriac 
circuit block with current limiting resistors added. 
 
Figure 4-12 - Optotriac Circuit Block 
The LED in the phototriac needs at least 5mA of current to switch on. The 
following equations show the calculations for the current limiting resistor for the 
phototriacs.  
Desired current: 𝐼𝑃𝑇 = 7𝑚𝐴 
Compact fluorescent phototriac calculations:  
Max Voltage output from LM358N: 𝑉𝑂𝑢𝑡  𝑀𝐴𝑋 = 5.1 − 1.5 = 3.6𝑉 @ 5.1𝑉𝑆𝑢𝑝𝑝𝑙𝑦  
Voltage drop from photodiode:                𝑉𝐷𝑖𝑜𝑑𝑒 = 0.7𝑉 
𝑉 = 𝐼𝑃𝑇 ∙ 𝑅𝐶𝐹𝐿  
2.8 = 0.007 ∙ 𝑅𝐶𝐹𝐿  
𝑅𝐶𝐹𝐿 =
2.8
0.007
= 400Ω 
Halogen phototriac calculations: 
𝑉 = 𝐼𝑃𝑇 ∙ 𝑅𝐻𝐴𝐿  
4.3 = 0.007 ∙ 𝑅𝐻𝐴𝐿  
𝑅𝐻𝐴𝐿 =
4.3
0.007
= 614Ω 
Next the current limiting resistor for the triac gate needs to be calculated.  The 
triac requires about 50mA of current to bias the gate. In this circuit, 70mA was used as 
the gate current to ensure that the triac would turn on. 
𝐼𝑇𝑅𝐼 = 70𝑚𝐴   𝑉𝑇𝑅𝐼 = 15𝑉 
𝑉𝑇𝑅𝐼 = 𝐼𝑇𝑅𝐼 ∙ 𝑅 
15 = 0.07 ∙ 𝑅 
𝑅 = 214Ω 
The maximum power dissipated in the resistor is resistor only a fraction of the AC 
wave. It only has current passing through it for 5˚/360˚ of the AC sine wave. Calculated 
below is the maximum power that will be dissipated through the resistor. 
𝑃𝑀𝐴𝑋 = 15𝑉 ∙ 70𝑚𝐴 ∙
5
360
= 14.6𝑚𝑊 
 This allows a ¼ Watt resistor to be used in this application. The Rev. A circuit 
was tested on a protoboard with LEDs instead of phototriacs and the logic was 
confirmed to work as expected. However, when it was tested in the first prototype with 
the light bulbs, the transitions occasionally flickered. This could be fixed by changing 
the comparator’s configuration to a Schmitt trigger. This would create a threshold that 
would change after it was triggered. Figure 4-13 is a picture of the comparator circuit 
block modified into the Schmitt trigger circuit block. 
 
Figure 4-13 - Schmitt Trigger Circuit Block 
The first step in calculating the resistors needed for positive feedback was to 
create a model that could be easily simulated. Figure 4-14 shows the part of the control 
circuit that will be analyzed. The reference voltage is the voltage divider between R2 
and R1, and R3 is the positive feedback resistance. Vin is the reference voltage from the 
thermistor voltage divider. 
 
 Figure 4-14 - Schmitt Trigger Model 
To make analysis easier, a Thevenin equivalent circuit was made. Figure 4-15 
shows the model used for simulations and feedback resistance calculations. 
 
Figure 4-15 - Thevenin Equivalent Model 
Below are the calculations to convert the original model to the Thevenin equivalent. 
𝑅𝑇𝐻 = 𝑅1 ∥ 𝑅2 
𝑉𝑇𝐻 = 𝑉𝑐𝑐 ∙
𝑅1
(𝑅1 + 𝑅2)
 
𝑅𝐹𝐵 = 𝑅3 
The goal was to create a window of about +/- 4˚F. The following calculations 
were used to set up the Thevenin model for the halogen bulb. 
𝑅𝑇𝐻 = 𝑅1 ∥ 𝑅2 
𝑅𝑇𝐻 = 160𝑘 ∥ 100𝑘 = (
1
160𝑘
+
1
100𝑘
)−1 = 61.5𝑘Ω 
𝑉𝑇𝐻 = 𝑉𝑐𝑐 ∙
𝑅1
(𝑅1 + 𝑅2)
 
𝑉𝑇𝐻 = 5.1 ∙
100𝑘
(100𝐾 + 160𝑘)
= 1.96𝑉 
 
Figure 4-16 - Rev. B Halogen Thevenin Equivalent Model 
Simulations were then used to find how large the window was and where the 
thresholds were. The reference voltage dividers were solved to find what voltage was at 
51˚F and 59˚F. The resulting voltages were 1.98V and 1.94 volts respectively. Figure 
4-17 shows the simulation results. V2 is the threshold voltage and has a maximum voltage 
of 1.9855 Volts and a minimum of 1.9441 with a feedback resistance of 7.5MΩ. 
 Figure 4-17 - Transient Analysis Showing the Thresholds 
Next, the same calculations were performed for the CFL comparator. 
𝑅𝑇𝐻 = 𝑅1 ∥ 𝑅2 
𝑅𝑇𝐻 = 200𝑘 ∥ 100𝑘 = (
1
200𝑘
+
1
100𝑘
)−1 = 66.6𝑘Ω 
𝑉𝑇𝐻 = 𝑉𝑐𝑐 ∙
𝑅1
(𝑅1 + 𝑅2)
 
𝑉𝑇𝐻 = 5.1 ∙
100𝑘
(100𝐾 + 200𝑘)
= 1.70𝑉 
 
 Figure 4-18 - Rev. B CFL Thevenin Equivalent Model 
The same goal of +/- 4˚F was set for the CFL Schmitt trigger. The threshold voltages 
should be about 1.72 Volts and 1.68 Volts. Figure 4-19 shows the simulation results. 
 
Figure 4-19 - Transient Analysis Showing Thresholds for CFL 
The maximum voltage for the thresholds was found to be 1.7299V and the minimum 
was found to be 1.685V with a feedback resistance of 7.5MΩ. During real world testing 
with the Smart Bulb, the thresholds were found to be smaller than in simulation.  This 
was due to the fact that the virtual model of the comparator did not assume that the op-
amp could not output rail to rail. Also, the high feedback resistance resulted in a high 
input impedance that exceeded the specifications of the LM358N. Another improvement 
that could be made was to the reference voltages. If the 100kΩ (R2, R3, R6) was 
increased, then the references would be closer to 2.5V and larger Schmitt trigger 
windows could be implemented resulting in improved noise resistance. Also, the 
LM358N was changed to the LM158N due to limitations of the operating temperatures of 
the LM358N. The specifications of the two chips are identical except that the LM358 is 
rated only to 32˚F while the LM158 is -20˚F. The following are the calculations for the 
Rev. C control circuit and the simulations. 
Halogen Feedback: 
𝑅𝑇𝐻 = 𝑅1 ∥ 𝑅2 
𝑅𝑇𝐻 = 160𝑘 ∥ 180𝑘 = (
1
160𝑘
+
1
180𝑘
)−1 = 84.7𝑘Ω 
𝑉𝑇𝐻 = 𝑉𝑐𝑐 ∙
𝑅1
(𝑅1 + 𝑅2)
 
𝑉𝑇𝐻 = 5.1 ∙
180𝑘
(180𝐾 + 160𝑘)
= 2.70𝑉 
 Figure 4-20 - Rev. C Halogen Thevenin Equivalent Model 
 
Figure 4-21 - Transient Analysis Showing Thresholds for Halogen (V2[blue] 2.7681V max, 2.6234V min) 
 
Compact Fluorescent Feedback Calculations: 
𝑅𝑇𝐻 = 𝑅1 ∥ 𝑅2 
𝑅𝑇𝐻 = 200𝑘 ∥ 180𝑘 = (
1
200𝑘
+
1
180𝑘
)−1 = 84.7𝑘Ω 
𝑉𝑇𝐻 = 𝑉𝑐𝑐 ∙
𝑅1
(𝑅1 + 𝑅2)
 
𝑉𝑇𝐻 = 5.1 ∙
180𝑘
(180𝐾 + 200𝑘)
= 2.70𝑉 
 
Figure 4-22 - Rev. C CFL Thevenin Equivalent Model 
 Figure 4-23 - Transient Analysis Showing  
Thresholds for CFL (V2[blue] 2.4857V max, 2.3514V min) 
 
The Rev. C circuit was tested again in the real world and found to perform exactly 
the same as in the simulations. The voltage window size was increased from 0.0414V to 
0.1447V for the halogen Schmitt trigger and 0.04V to 0.1343V for the CFL. Figure 4-24 
is the schematic for the final revision of the control circuit. 
 Figure 4-24 - Rev. C Control Circuit Schematic 
  
5. Performance Testing 
The Smart Bulb and a standard GE 60W compact fluorescent bulb were tested 
side by side to compare the start up times of the bulbs and the minimum starting 
temperatures. The prototype of the Smart Bulb used the Rev. A DC power supply and 
Rev. B version of the control circuit. The same GE 60W CFL was used in the prototype 
with a 30W AC halogen bulb. The first test was at an ambient room temperature of 70˚F. 
Both bulbs had a warm up time of about 1minute before reaching full brightness. This is 
expected because the halogen bulb would not turn on at this temperature in the Smart 
Bulb. The next test was performed at 32˚F. The standard CFL experienced slight amber 
shift; a condition when the bulb expels a very warm light color and low output 
luminosity. This can be seen below in Figure 5-1. 
 
Figure 5-1 - GE 60W CFL During Cold Start 
The warm up time in this situation was increased to 3 minutes. There was no 
flicker when the bulb was turned on. The Smart Bulb however, had a much shorter warm 
up time. The halogen provided 100% brightness in about 5 seconds and the transition 
occurred at about 30 seconds. There was no flicker between the transition, but one 
drawback was that the light output was increased noticeably when both bulbs were turned 
on. A dimmed transition would help this situation. This results in a warm up time 
reduction of 5-6 times the amount of the standard CFL. The final test was done at 0˚F, 
beyond the limit of most standard CFL bulbs. The standard CFL bulb flickered for about 
30 seconds until the tube temperature increased. Next, the bulb experienced extreme 
amber shift and very low light output. The total warm up time was calculated to be about 
5 minutes and 15 seconds. The Smart Bulb provided instant start up with full light output 
from the halogen in about 10 seconds. The transition occurred in about 1 minute 30 
seconds in which there was no flickering. This is a warm up time reduction of about 3.5 
times. This shows that a standard Smart Bulb can greatly reduce the start up time of a 
standard CFL without the amber shift and low output luminosity during warm up. 
 
Figure 5-2 - Photograph of the Smart Bulb During Warm-Up Phase 
  
6. Future Work 
The main issue in the project was time. The original plan was to have a CFL that 
performed in the cold with a smooth transition from halogen to CFL. However, difficulties in 
C-term impeded progress. Some of the difficulties included the Schmitt trigger design 
changes to prevent the CFL flicker during the transition. In addition, difficulties occurred 
with the bulb’s transition characteristics when testing the bulb. It was later found to be a cold 
solder joint in the reference voltage block. This could have been due to the frequent 
temperature changes the circuit experienced during testing. A few ideas to help the transition 
however, were discussed during a meeting. A few possible solutions to dim the halogen bulb 
off were to use a PWM circuit to pulse the gate on the triac. Halogen bulbs do not turn on 
and off instantly and would integrate the PWM signal, making the bulb appear less bright. 
Another idea was to change the output block to a modified triac dimmer. The resistance that 
is normally a potentiometer could be changed to a thermistor and have the light output act as 
a function of temperature.  
Another possible improvement to the bulb would be to match the color temperature of 
the light of the halogen and fluorescent bulb. There was not enough time to research this 
topic. During testing, it was found that there was a noticeable difference in the color of the 
light between the two bulbs. Careful matching of the bulbs would be required to make the 
transition of the bulb invisible to the user.   
A custom glass globe for the Smart Bulb could not be made with the tools available. 
However, if implemented, it could improve the cold starting performance of the bulb further 
and reduce warm-up times.  
The final improvement that could be done on the Smart Bulb is to make a custom PCB 
design that would fit inside the ballast of the CFL. Most of the parts selected in the prototype 
were available in surface mount packages. This would create a compact and ascetically 
pleasing bulb. Figure 6-1is a photo of GE’s new Energy Smart bulbs and is an excellent 
example of what the final product of the Smart Bulb should be. 
 Figure 6-1 - Example of Final Product of Smart Bulb (GE’s Energy Smart 60W Equivalent) 
  
7. Conclusion 
I believe that this project demonstrates that there is serious potential for hybrid 
lighting for outdoor applications. Early testing found that the start-up time of the bulb is 
greatly reduced and start in much colder temperatures than any other CFL on the market 
today. The energy savings of this bulb for outdoor lighting could be up to 70%. This 
technology can be easily implemented into current CFLs, and is relatively inexpensive 
compared to LED lighting and outdoor compact fluorescent bulbs. 
There is however, much more work that could be done on this project to make it a 
more attractive alternative to incandescent and halogen bulbs. A custom ballast, diffuser, 
dimmed transitions, and light color matching would improve the quality of the bulb. 
I would also like to thank Professor Bitar for helping with the conception and creation 
of this project.  
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9. Video Demonstration 
The DVD on the next page contains a video of a demonstration of how the Smart 
Bulb works. Figure 9-1 is a screencap of the video. The circuits used were the Rev. A DC 
Power Supply and the Rev. A Control Circuit. 
 
Figure 9-1 - Screencap of Video Demonstation 
